Structural response to water impact is important for several areas, including the aerospace and marine industries. Aircraft must be designed to cope with ditching and offshore structures are subject to extreme wave impact and green water loading. The goal is a reliable technique for predicting the structural response to extreme water loading. This is a complex problem involving the interaction of non-linear fluid behaviour (breaking waves, fluid impact) with non-linear structural behaviour (large deformations, contact, material plasticity and damage). This paper gives an overview of the coupled FE/SPH approach for modelling water impact on structures and discusses specific issues related to the analysis of floating structures. The capabilities of the method are illustrated first through comparison with published numerical results for simple problems involving the equilibrium of rigid floats and an initially submerged cylindrical float. Then by comparison with experimental data for the collapse of a metallic helicopter floor structure due to impact with water. Finally the response of a moored buoy to an extreme wave is modelled. The sensitivity of the model to spatial resolution is investigated for the rising cylinder and helicopter floor cases.
Introduction
Extreme waves are a natural phenomenon that can cause significant damage to ships and offshore structures, in particular through green-water loading. The term green water indicates the flow of water, not just spray, over the deck of an offshore structure. This type of fluid-structure interaction is a potentially highly complex non-linear problem that can combine several features:
 The behaviour of extreme waves, including breaking,  The response of a floating structure to waves,  The interaction of the water with a structure,  The response of the structure to the fluid loading including large deformations and non-linear material behaviour (including plasticity, damage and failure).
The absence of reliable theoretical models for this behaviour means that design must be based on empirical considerations and model test data.
The objective of this research is to develop and demonstrate an analysis tool capable of predicting the response of structures to extreme wave loading. To achieve this objective the tool must be capable of representing the important feature of the problem. The explicit finite element (FE) method is solidly established for the simulation of structural response and is well suited to representing the types of structural deformation that can occur in water impact. However due to the well known problems with mesh-tangling this method is not appropriate for modelling the fluid. In order to simulate the structural response to extreme wave loading the FE method must be coupled with another method appropriate for modelling the fluid behaviour. In this work we have used the Smoothed Particle Hydrodynamics (SPH) method to model the fluid behaviour as it can be easily and reliably coupled with the nonlinear FE method [1] . This is an established approach that has been successfully used to study the impact of rigid [2] and elastic [3] shapes with water as well as the response of floating rigid objects to waves [3, 4] . For the impact of rigid shapes with water [2] , Anglileri et al. show good correlation between simulation and experiment for accelerations and impact pressures.
The SPH method is one of the earliest developed and widely used particle methods.
SPH was initially developed for the simulation of astrophysics problems [5, 6] , with the critical development being a method for the calculation of derivatives without a computational mesh. The absence of a mesh allows large material deformations to be modelled without numerical problems. The application of SPH to water waves and related free-surface hydrodynamics problems was begun by Monaghan [7] , who performed twodimensional simulations of a dam break problem and wave propagation onto a shallow beach.
More recently SPH simulations have been further compared with published experimental results, an example being Scott Russell's wave generator [8] , with the SPH method in agreement with the experimental results. In these simulations use an artificial equation of state to produce a quasi-incompressible fluid, the approach used in this work. SPH has also been used for wave mechanics with exact enforcement of incompressibility (ISPH) [9] . This uses an implicit pressure update that allows a larger time step but requires more computational work per time step. A comparison of the two approaches by Lee et al. [10] concludes that overall ISPH yields a more reliable result. A more recent study by Hughes and Graham [11] concludes that, with a suitable formulation, compressible SPH performs at least as well as ISPH.
SPH methods have been successfully applied to 2D simulations of green water overtopping [12] and wave overtopping [13] using rigid representations of the impacted structure. Three-dimensional fluid models often require significant computational resources due to the number of particles required to obtain adequate resolution. While the examples shown in this paper all used a single processor, parallel versions of SPH have existed for many years [14] and today SPH codes exist for astrophysics [15] and for fluid behaviour [16, 17] that are able to effectively use a large number of cores to analyse large problems including test problems in excess of 100 million particles.
SPH has been applied to a number of free-surface slow and maritime applications.
More information on the SPH method and applications can be found through the SPH European Research Interest Community (SPHERIC) website [18] , which includes an extensive list of SPH related references.
Other approaches for wave impact simulations typically use Eulerian or ALE methods to solve the Navier-Stokes equations. For example, Buchner, Kleefsman and coworkers [19, 20] have developed an Eulerian code and applied it to wave run-up and green water loading on Floating Production Storage and Offloading (FPSO) systems. Their results show good agreement with experiment for structural loads, however the structures are represented by rigid shapes.
Previous work at Cranfield has developed and demonstrated a contact algorithm for coupling meshless and finite element discretisations, allowing complex interaction in three dimensional simulations [1] . A primary application of this method was the simulation of helicopter crash on water and it has been demonstrated for the impact of rigid and deformable structures on water [21] . In addition kernel interpolation [22] , including normalized corrected kernels, and rigorous derivation of the SPH equations [23] have been investigated.
All developments have been implemented and tests within the 3D SPH solver developed at
Cranfield. This solver is directly linked to the LLNL-DYNA3D explicit non-linear FE code [24] to allow coupled FE/SPH analysis. Extension of this tool to wave loading of offshore structures required development and implementation of appropriate initial and boundary conditions for the fluid component.
Overview of SPH and coupling
The SPH method is based on an interpolation technique that allows any physical field (scalar, vector or tensor) f(x) to be approximated by a smoothed value < f(x)>
where f is a function of position vector x defined in the domain . The kernel function,
, is centered at point x and is a function of position. The smoothing length, h, controls the extent of the domain where W is non-zero, usually defined in three dimensions as a sphere of radius 2h. The kernel function must satisfy two conditions, that W becomes the delta function  in the limit h→0 and that
i.e. the kernel functions represent a partition of unity.
The most commonly used form of the kernel function in SPH is the B-Spline kernel:
Where z is the ratio of the length s x  and the smoothing length h. This is the form of the kernel used in this work.
The gradient of function f can then be approximated by using equation 1, which becomes, following integration by parts and neglecting surface terms due to the compact support of the kernel:
This continuous integral must now be written as a discrete approximation for the case where the physical field is only known at a set of N discrete points, known in SPH as particles. Equation 4 is discretised as follows
here V j is the volume of particle j, usually defined as j j m  , where m j and  j are the mass and density respectively of particle j. The SPH method thus uses a set of nodes, or particles, to represent a material. The field values, such as density and pressure, are known at the particles which move with the material. During a calculation the set of particles within the support of particle i can change, allowing large material deformations to be represented without numerical problems.
Applying this process to the momentum equation of continuum mechanics
allows the common SPH form of the momentum equation to be derived, 2 2
Where P i and P j are the pressure at particle i and j respectively, and v is the velocity vector.
A consequence of the SPH method is that the location of the boundary of a solid or liquid is not well defined. Each particle is the centre of a sub-domain with radius 2h and consequently the boundary is diffused over this length. To avoid the requirement to construct a surface geometry from the SPH nodes a contact potential, x  , based on the kernel function is used [1] . This potential is defined as
where x i and x j are the coordinates of two particles in different bodies, p avg denotes the average node spacing in the neighbourhood of particle i. K and n are user defined parameters that control the magnitude of the potential. A discrete form of this contact potential is then derived and used to define the contact force, f i :
In applying this contact potential to contact between FE and SPH, the contact force is applied between an SPH particle and FE node that lies within 2h of that particle [1] , see 
Water modelling with SPH
Simulation of wave loading requires significantly more complex initial and boundary conditions for the water component than required for the impact of a structure on water considered previously [1, 21] .
At the start of the simulation the problem must be under static equilibrium. If it is not the initial behaviour of the model will be governed by this lack of equilibrium, potentially obscuring the behaviour of interest. The initial equilibrium must be determined for
• Pressure vs. depth in the water
• Initial contact forces between structure and water. This is particularly critical for floating bodies.
The pressure-depth relationship can de determined analytically for a given equation of state, therefore it is possible to determine the correct density for each particle. The initial contact forces can not be determined analytically due to its non-linear dependence on the relative positions of the SPH particles and FE nodes. Consequently a numerical technique was required to determine the initial state of a problem.
The dynamic relaxation method was selected to solve the initial static problem.
Dynamic relaxation is a commonly used method that allows an explicit transient solver to approximate the solution to a static problem, see for example the DYNA3D implementation [24] . The existing dynamic relaxation algorithm in DYNA3D was extended to include the SPH solver. Due to the computational cost of the dynamic relaxation solution on 3D coupled simulations the coupled solver was extended to allow the state at the end of the dynamic relaxation simulation to be saved to a file and later used as the initial condition of a transient simulation. Under the conditions of wave loading the water can be considered incompressible.
The SPH solver used assumes that all materials are compressible and therefore a bulk stiffness, in the form of an equation of state (EOS), must be defined. For free surface flows and water impact simulations the Murnaghan EOS is commonly used for the water. This has the form
where B and  are user supplied material coefficients. For an incompressible fluid the parameter B can be chosen to give an artificially low speed of sound, while keeping the density changes small. This is valid provided the flow velocities are small compared with the speed of sound [7] . The advantage of this is that a lowered speed of sound increases the critical time step size for the explicit time integration algorithm, potentially reducing the CPU cost of a simulation. However when linked with a deformable structural model, the critical time-step size is often controlled by the structural model as the speed of sound in the structural material is much higher than in the water; for example the speed of sound in steel is approximately 4,500m/s against 1,500m/s for water. Consequently there is often no practical advantage in computational cost in using an artificial speed of sound once a deformable structural model is included in the analysis.
Numerical demonstration cases
A set of numerical experiments have been performed to confirm the capability of the coupled FE-SPH approach to correctly represent the behaviour of floating bodies and water interaction with deformable structures.
Equilibrium of floating objects
A useful verification of the method's ability to simulate the response of a floating body is to demonstrate that it will reach its correct equilibrium state. Three test cases were selected for which published results [25] , are available. The published results were obtained using an Eulerian solver coupled with rigid shapes.
In the first case a 10 cm square rigid float, with density half the density of the fluid, is in initial unstable equilibrium, fig. 3a . As the float is rigid, the Murnaghan EOS is used in these analyses. Dynamic relaxation has been used to determine the initial pressure and contact equilibrium using additional constraints to prevent rotation of the float. In the simulation the float rotates through 45 degrees to its position of stable equilibrium, fig. 3b , and settles in that state after a period of damped oscillation. A comparison between the current results and the Eulerian results [25] is shown in fig. 4 , showing good agreement. The zero time for the current results has been shifted so that the time of initial rotation agrees as the published results used an initial rotational velocity as a disturbance, while no initial disturbance was used in the current work.
A second test was run using the square float, with the density of the square reduced to one quarter that of the fluid. The initial conditions of the simulation were identical to the half density case, so the float will initially rise before settling down to its stable equilibrium position, fig These results from these tests show that the coupled FE-SPH approach will correctly predict the equilibrium floating behaviour of a floating body.
Rising cylinder
In the final 2D test presented in this paper, a cylinder of radius 1m is initially submerged and is released to rise to the surface. The cylinder has density 0.6 times the fluid density and the centre of mass is initially at a depth of 5m. This test case is used for Eulerian codes to demonstrate the ability of a shape to break through a free surface. This is not an issue for the SPH method as the location of the free surface is determined naturally by the particle positions and does not require special treatment.
For our analysis the channel width has been set to 6m and the initial depth of water to 6.9m. Analyses have been run for three different initial particle sizes: 0.1m, 0.05m and . These results show that the coupled approach can correctly treat the buoyancy of a submerged object, with even a small number of particles providing reasonable behaviour.
Impact of a deformable structure with water
As discussed earlier a specific strength of the coupled FE-SPH approach is that is allows for fluid-structure interaction even when the structure is undergoing large non-linear deformation. The availability of appropriate tests cases for this behaviour is limited, so for this work the impact of a metallic helicopter sub-floor structure with water has been selected as experimental data was available.
The experiment was performed under the CAST (Crashworthiness of Helicopters on Water) EU Framework 5 project [26] . The structure was manufactured from aluminium and designed to be characteristic of a metallic helicopter cabin sub-floor structure. In the experiment the structure was mounted on a trolley and dropped vertically onto water with an impact velocity of 7.95 m/s. The total mass on the structure and trolley was approximately A finite element model of the sub-floor structure was constructed using shell elements with appropriate elastic-plastic material properties. The trolley was represented as a rigid mass, and time history information for the trolley acceleration was measured. The behaviour of the structural model was verified against experimental results for impact with a rigid surface. While the time-step size is controlled by the structural model, the cost per step of the SPH fluid model is significant and parametric studies were performed to investigate the effect of particle size, the depth of the water domain and the distance from the structure to the edge of the water domain. 
CALM buoy model
This model demonstrates the capability to perform a 3D simulation of wave interaction with a floating body. The problem consists of a 400 tonne cylindrical buoy with an outer diameter of 12 m, moored to the sea bed with 6 mooring lines.
The water component is modelled with 1,045,436 SPH particles, representing a domain 430.5 m long by 36 m wide and 28.5 m deep. The particle size is 0.75 m. The domain length and particle size was selected following a 2D study investigating the effect of these parameters on the wave height measured at the buoy location. In practice the particle size of 0.75m is too large, however approximately one million particles represented the practical upper limit for the number of particles that could be considered on the available computational resources, and the size was set once the size of the water domain was defined.
The buoy is modelled as a rigid body with defined mass and inertial properties. A rigid body is consistent with the test data, and a deformable body would require a higher fluid resolution. The buoy geometry is highly simplified as the particle size is too large to allow 
Conclusions
Extreme waves can cause significant damage to ships and offshore structures.
Currently there is no reliable theoretical or numerical technique available to predict the relevant loads and structural response. 
